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Denmark.G-proteins are some of the most important and abundant enzymes, yet their intrinsic nucleotide
hydrolysis reaction is notoriously slow and must be accelerated in vivo. Recent experiments on dyn-
amin and GTPases involved in ribosome assembly have demonstrated that their hydrolysis activities
are stimulated by potassium ions. This article presents the hypothesis that cation-mediated activa-
tion of G-proteins is more common than currently realised, and that such GTPases represent a struc-
turally and functionally unique class of G-proteins. Based on sequence analysis we provide a list of
predicted cation-dependent GTPases, which encompasses almost all members of the TEES, Obg-HﬂX,
YqeH-like and dynamin superfamilies. The results from this analysis effectively re-deﬁne the condi-
tions under which many of these G-proteins should be studied in vitro.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
GTP hydrolysing proteins (G-proteins or GTPases) are found
across all domains of life, and their roles as nucleotide-dependent
‘molecular switches’ have been widely investigated. The switching
mechanism of G-proteins is mediated through the nucleotide-
dependent movements of two regions called Switch I and Switch
II, which interact with the c-phosphate in the GTP-bound form of
the protein and transmit the ‘‘on’’ signal to downstream effectors.
Despite being a critical enzyme family, G-proteins themselves
are typically very inefﬁcient catalysts and can have intrinsic turn-
over numbers as low as 105 s1 [1]. G-proteins must therefore
associate with additional factors in vivo that accelerate the conver-
sion of GTP to GDP. The best-known mode of GTPase activation in
eukaryotes involves complexation with GTPase activating proteins
(GAPs). One mechanism by which GAPs can accelerate hydrolysis is
by inserting an arginine residue, an ‘arginine ﬁnger’, into the active
site of their cognate G-proteins. The positive charge from the argi-chemical Societies. Published by E
Structural Biology, Aarhus
C, Denmark. Fax: +45 8612
ydney, NSW 2042, Australia.
), m.jormakka@centenary.or-
, The University of Aarhus,nine ﬁnger accelerates hydrolysis by altering the charge distribu-
tion within the GTP molecule such that it more closely resembles
the product, GDP [2]. However, there still exist many essential
eukaryotic G-proteins for which GAPs have never been found,
and GAPs are also almost entirely absent from bacteria and ar-
chaea. We are therefore faced with an important question: how
are G-proteins without cognate GAPs activated in vivo?
One recently-described GAP-independent activation method
utilised by a group of G-proteins called GADs (GTPases activated
by dimersation) is through nucleotide-dependent homodimerisa-
tion, which places important residues in their catalytic conforma-
tions (reviewed in [3]). Here we gather together evidence that a
second GAP-independent mode of GTPase stimulation exists for
G-proteins: the binding of a monovalent cation, usually a potas-
sium ion, at a conserved site adjacent to the GTP nucleotide. When
studying potassium-dependent G-proteins in vitro, failure to in-
clude the cation in the assay buffer can result in low GTPase activ-
ities that do not reﬂect the true in vivo rates.
To assist in identifying cation-dependent G-proteins and to
raise awareness of this mode of stimulation, we have used se-
quence analysis to create a list of GTPases that we predict will pos-
sess cation-dependent hydrolysis activity. We further show that
these GTPases are structurally distinct from their GAP-activated
counterparts, encompass a wide variety of G-proteins across the
three domains of life, and represent an important and distinct
sub-class of the wider G-protein family.lsevier B.V. All rights reserved.
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All of the cation-dependent GTPases identiﬁed thus far can be
placed into two groups according to their behaviour in vitro: those
that are stimulated by potassium ions but not by sodium ions (Group
I), and those that are stimulated by both potassium and sodium ions
(Group II). This distinction has some important practical implications
for researchers studying the cation-dependent GTPases in vitro
(Section 6). Throughout this letter, the two groupswill be broadly re-
ferred toas ‘cation-dependentGTPases’ (CD-GTPases),while the term
‘potassium-selective’ will strictly describe the Group I G-proteins
that are insensitive to stimulation by sodium ions.
2.1. Group I: the potassium-selective cation-dependent GTPases
The potassium-selective cation-dependent enzymatic activity
of a G-protein was ﬁrst noted more than a decade ago, when the
‘universally-conserved’ GTPase MnmE (then TrmE) was found to
be active in the presence of KCl but not NaCl [4]. This observation
went unexplained until 2006, when, in what is emerging as a sem-
inal study, Scrima and Wittinghofer structurally delineated the
potassium binding site in MnmE (PDB ID: 2GJ8) and conﬁrmed
its biological relevance [5]. Today, the GTPases Der [6], AtNOA1
[7] and its orthologue YqeH [8], FeoB [9], YchF2 [10], and RbgA
[11] have also been identiﬁed as possessing hydrolysis activity that
is accelerated in the presence of potassium ions [12]. The degree of
stimulation by potassium appears to be speciﬁc for each G-protein
tested, and relative to their activities in sodium-containing buffer,
ranges from 4-fold for YqeH [10] up to 130-fold for RbgA [11].
The hydrolysis activities of the Group I CD-GTPases can also be
stimulated – although to a lesser degree – by ammonium and
rubidium ions [5,7–10], as these cations have similar ionic radii
to potassium. They fail to be stimulated, however, by smaller (lith-
ium or sodium) or larger (cesium) monovalent cations [5,8–10].
2.2. Group II: the sodium-accommodating cation-dependent GTPases
Very recently, two more proteins possessing cation-dependent
GTPase activity were identiﬁed: human dynamin [13], and a dyn-
amin-related protein from Arabidopsis thaliana, AtDRP1A [14].
Structures of the GTPase domains of the two proteins have been
determined in complex with sodium (PDB IDs: 2X2E [13] and
3T34 [14]), yet hydrolysis studies on dynamin demonstrated that
both sodium and potassium ions could stimulate its GTPase activity
(Supplementary data in [13]). For AtDRP1A, the GTPase assays
accompanying the sodium-bound crystal structure were con-
ducted exclusively in KCl-containing buffer, and mutation of one
of the cation ligands diminished GTPase activity by more than 8-
fold – again demonstrating that potassium, as well as sodium,
can associate with the cation binding site [14].
Therefore, there is evidence for both dynamin and AtDRP1A that
sodium and potassium are interchangeable at the active sites of
these G-proteins. Yet as initially noted by Chappie et al. [13], potas-
sium is much more likely to be the biologically relevant cation
in vivo as its intracellular concentrations are 10-fold higher than
for sodium [15].
3. Additional levels of regulation of the cation-dependent
GTPases
Potassium is the most abundant cation inside both prokaryotic
and eukaryotic cells, and in Escherichia coli for example, intracellu-
lar levels lie between 300 and 500 mM depending on the extracel-2 YchF is preferentially an ATPase, rather than a GTPase.lular environment [16,17]. These concentrations are well above the
200 mM found to elicit maximal activity of the bacterial potas-
sium-selective GTPases FeoB and MnmE [4,9]. The potassium con-
centration inside most mammalian cells is maintained at 140 mM
[15], and although the cation afﬁnity of a eukaryotic CD-GTPase
has not yet been measured, the sheer number of predicted CD-GTP-
ases (Section 5) renders it highly unlikely that potassium levels
would serve to regulate such GTPases. Rather, potassium can be
considered an integral aspect of the intrinsic nucleotide hydrolysis
reaction of the CD-GTPases. Or, to put it another way, the cation is
a key component of a fully-assembled, catalysis-ready active site.
This does not mean, however, that the CD-GTPases will exhibit
their maximum hydrolysis rates in the presence of potassium ions
alone. This is because many of the CD-GTPases identiﬁed thus far
possess activity that is further accelerated – in a regulatory sense
– through additional mechanisms that are coupled with the pro-
tein’s function, such as dimerisation (MnmE [5], dynamin [13],
and AtDRP1A [14]) or association with ribosomal subunits (RbgA
[11] and NOA1/YqeH [18]). The cation is then critical for achieving
maximal GTPase activity in the dimerisation- or ribosome-
activated form of the protein [5,11,13]. This principle is reminis-
cent of GAP-mediated activation of Ras, in which the stimulation
from the positively-charged GAP arginine ﬁnger is additive with
the stimulation arising from the correct positioning of a catalyti-
cally important residue in Ras [19].
4. Structural features of the cation-dependent GTPases
4.1. Group I: the potassium-selective cation-dependent GTPases
All of the potassium-selective GTPases identiﬁed thus far share
a feature in their sequences that is absent from other G-proteins:
the presence of two conserved asparagine residues in the region
of the nucleotide-binding G1 motif (Fig. 1A). The functional signif-
icance of these two asparagine residues was recently realised [9],
and is evident upon examination of the atomic structure of the
potassium binding site (Fig. 1B).
The ﬁrst of the two conserved asparagine residues (hereafter
AsnK) is a ligand to the potassium ion, which is also coordinated by
three oxygen atoms from the GTP nucleotide and two backbone car-
bonyl groups from the Switch I region. In order for Switch I to coor-
dinate the potassium ion it must adopt the characteristic structure
shown in Fig. 1B, in which its apex (also called the ‘K-loop’ [5]) lies
directly over the nucleotide binding site. This unique GTP-bound
Switch I conformation is in fact the deﬁning structural feature of
both groups of the CD-GTPases, rendering them structurally-distinct
from their GAP-activated counterparts (Fig. 2). In the Group I potas-
sium-selective GTPases, this Switch I structure is facilitated through
the second conserved asparagine residue (hereafter AsnSwI), which
hydrogen-bondswith thebackboneof the Switch andassists inposi-
tioning it in the required conformation (Fig. 1B and Fig. 2).
Therefore, the two conserved asparagine residues in the potas-
sium-selective GTPases are together integral for formation of the
potassium binding site, and they give us a convenient means to
predict a priori those G-proteins that will possess potassium-selec-
tive cation-dependent hydrolysis activity (Section 5).
4.2. Group II: the sodium-accommodating cation-dependent GTPases
The cation binding site identiﬁed in the structures of dynamin
and AtDRP1A is analogous to the potassium binding site from the
Group I CD-GTPases (Figs. 1B and C). It is formed from the GTP
nucleotide, the side chain of a residue from the P-loop, and two
backbone carbonyl groups from Switch I. However, there are three
major features that distinguish the cation binding site in dynamin
and AtDRP1A from that of the Group I CD-GTPases: (i) The cation-
Fig. 1. Structural features of the cation-dependent GTPases. (A) Sequence alignment between cation-dependent and GAP-activated GTPases. The residues important for
creation of the cation binding site in the CD-GTPases are highlighted in blue, and the equivalent residues in the GAP-activated G-proteins are boxed. The ﬁgure was created
using ALINE [50]. (B) The cation binding site in the Group I potassium-selective CD-GTPases. Coordinates are from the G-domain of Streptococcus thermophilus FeoB bound to
potassium and GDPAlF4, a transition-state analogue (PDB ID: 3SS8) [12]. The magnesium atom that binds at the active site of all TRAFAC GTPases is shown as a transparent
sphere, and its ligands are shown as transparent sticks and spheres. (C) The cation binding site in the Group II sodium-accommodating CD-GTPases. Coordinates are from the
GTPase domain of human dynamin-1 bound to sodium and GDPAlF4 (PDB ID: 2X2E) [13]. Note that although there are two bonds to the sodium atom from the AlF4
phosphate mimic in the structure, the native GTP c-phosphate possesses only three oxygens and is only likely to donate a single bond to the cation.
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idue (SerK) (Figs. 1A and C), (ii) the role of AsnSwI is now fulﬁlled by
a glutamic acid residue (GluSwI) (Figs. 1A and C and Fig. 2), and (iii)
the apex of Switch I consists of three rather than four residues
(Figs. 1B and C), resulting in constriction of the apex and shorter
bond lengths about the cation.
The substitution of AsnK for SerK and the constriction of Switch I
are both necessary for cation-dependent stimulation to be
exploited by members of the dynamin superfamily such as dynam-
in and AtDRP1A. This is because the dimerisation-dependent acti-
vation of the dynamin-like proteins arises from the correct
positioning of two catalytic residues upon oligomerisation (Gln40
and Asp180, dynamin numbering. See [13] for a discussion of the
roles of each residue). In order to accommodate these catalytic res-
idues and avoid impermissible steric clashes at the active site, the
Switch I apex must be smaller in the dynamin-like GTPases and anamino acid with a shorter side chain used to coordinate the cation
(Supplementary Fig. 1). Without mutational analyses, it is not pos-
sible to determine which of these two changes – or perhaps the
combination of both – cause the broadened cation speciﬁcity in
dynamin and AtDRP1A. However, given that sodium ions show a
distinct preference for shorter bond lengths, it is logical to specu-
late that the geometric changes to the site resulting from constric-
tion of the Switch I apex are likely to play an important role in the
ability of these proteins to accommodate Na+.
4.3. GAP and cation-mediated G-protein stimulation: different means,
same mechanism
The different GTP-bound Switch I conformations between the
CD-GTPases and their GAP-activated counterparts (Fig. 2) are inti-
mately coupled with their respective modes of activation. That is,
Fig. 2. The GTP-bound Switch I structures of cation-dependent and GAP-activated
G-proteins. The CD-GTPases are shown in blue, and the GAP-activated GTPases in
red. The Group I and Group II CD-GTPases are shown in light and dark blue,
respectively. The GAP-activated GTPases shown are Ras (PDB ID: 1QRA), Ran (1RRP),
Rho (1A2B), and Arf (1J2J). The cation-dependent GTPases are MnmE (2GJ8), FeoB
(3SS8), dynamin-1 (2X2E) and AtDRP1A (3T34).
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vent-exposed and thus accessible to a GAP (Supplementary Fig. 2A),
while Switch I almost entirely buries the nucleotide in the CD-GTP-
ases as access by a GAP is not required (Supplementary Fig. 2B).
Despite their structural differences, a fascinating parallel has
been noted between the GAP-activated and the CD-GTPases: the
cation from the CD-GTPases lies in the same position as the posi-
tively-charged guanidinium group from the GAP-supplied arginine
ﬁnger (Supplementary Fig. 2) [5]. Therefore, in an elegant example
of mechanistic mimicry, the chemical mechanism of GTPase stim-
ulation – afforded by the addition of a positive charge at the active
site – is common to both these classes of G-proteins. The dynamin-
like protein hGBP1 represents an interesting hybrid between the
two modes of activation: it possesses AsnSwI and exhibits the
Switch I structure characteristic of CD-GTPases (PDB ID: 2B8W),
but instead has an arginine residue in the position equivalent to
SerK/AsnK that projects into the active site and acts as an ‘internal
cation’ (or an ‘internal arginine-ﬁnger’) [20].
5. Expanding the prediction of cation-dependent G-proteins
5.1. Bioinformatic analyses to identify potential cation-dependent G-
proteins
By examining the sequences of known G-proteins for the pres-
ence of AsnK/SerK and AsnSwI/GluSwI, we can now predict those
GTPases that are likely to exhibit cation-dependent nucleotide
hydrolysis activity. Towards this end, we ﬁrst searched for GTPases
possessing conserved AsnK or SerK residues, as these are directly
involved in creating the cation binding site. The presence of AsnSwI
or GluSwI was then used as a second indicator of likely cation-
dependent activity. In addition, the Protein Data Bank was mined
for GTPase structures possessing AsnK or SerK, to determine
whether these G-proteins exhibit the distinctive GTP-bound
Switch I conformation characteristic of the CD-GTPases (Fig. 2).
The results from these analyses are summarised in Table 1 and Ta-
ble 2, which list those GTPases that are likely to exhibit cation-
dependent nucleotide hydrolysis activity based on the variousdiagnostic criteria. Sequence alignments for the proteins listed in
Table 1 and Table 2 are provided in Supplementary Fig. 3.
In the widely adopted G-protein classiﬁcation system, GTPases
and their structurally and functionally related ATPases are ﬁrst di-
vided into the ‘TRAFAC’ and the ‘SIMIBI’ classes [21], and no mem-
bers of the latter are predicted to be potassium-activated. The
TRAFAC class is further subdivided into a number of superfamilies:
(i) the GAP-activated Ras GTPases (such as Ras, Ran, Rho, and Arf),
(ii) the ribosome-activated translation factors (such as Ef-Tu and
IF2), (iii) the myosin-kinesin superfamily that includes the dyna-
mins and dynamin-like proteins, (iv) the TrmE-Era-EngA-YihA-
Septin-like (TEES) superfamily, (v) the Obg-HﬂX superfamily, and
(vi) the YqeH-like superfamily. All of the predicted cation-depen-
dent GTPases fall into the latter four superfamilies, and comprise
almost all members of each family.
Some interesting trends are evident in Tables 1 and 2. Firstly,
members of the TEES, Obg-HﬂX, and YqeH-like superfamilies (that
encompass all of the experimentally-conﬁrmed potassium-selec-
tive GTPases described in Section 2.1) display a strong bias (15 of
18 proteins) towards the twin-asparagine motif characteristic of
the potassium-selective, Group I CD-GTPases. This suggests that
the GTPases in these families will be stimulated by potassium ions
but not sodium ions, which has important implications for their
study in vitro (Section 6).
Members of the dynamin superfamily, shown in Table 2, display
the inverse pattern as for the TEES, Obg-HﬂX, and YqeH-like GTP-
ases from Table 1. That is, they are almost all Group II CD-GTPases,
exploiting SerK and showing a strong preference for GluSwI. The
only proteins from the dynamin superfamily to possess AsnK are
the fungal and plant mitofusin orthologues (Fzo and FZL), which
is an unsurprising substitution given that these proteins don’t pos-
sess – and therefore must not accommodate – the signature cata-
lytic residues Gln40 and Asp180 (dynamin numbering) found in
most dynamin-like GTPases.
These analyses have dramatically increased the number of un-
ique GTPases predicted to exhibit cation-dependent activity, sug-
gesting that this mode of activation is now emerging as one of
the most common means of accelerating nucleotide hydrolysis in
G-proteins.
5.2. Functions of predicted cation-dependent GTPases
With the exception of FeoB (a membrane protein that imports
Fe2+ [22]) and MnmE (which modiﬁes tRNA [23]), all of the pre-
dicted cation-dependent GTPases from the TEES, Obg-HﬂX, and
YqeH-like superfamilies are involved in ribosome biogenesis. Most
are known to interact with and be activated by different ribosomal
subunits [10,11,24–31], and because of their role in ribosome
assembly, their genetic disruption produces a lethal phenotype
(e.g. [32–34]). Three recent comprehensive reviews describe in de-
tail the speciﬁc functions of these ribosome-assembly GTPases, and
in particular, at which stage of ribosome biogenesis each is in-
volved [35–37].
The cation-dependent GTPases from the dynamin superfamily
(Table 2) are all eukaryotic proteins that possess functions related
to membrane fusion or ﬁssion reactions. An exception is the Mx
family, which although structurally related to the dynamins, in-
stead possess antiviral activity (reviewed in [38]). GTP hydrolysis
is essential for the functions of the dynamin-like proteins, and re-
cent structures of full-length dynamin suggest a mechanism by
which nucleotide-dependent dimerisation and dissociation medi-
ate membrane remodelling [39,40]. The functions of dynamin
and the dynamin-like proteins in Table 2 have been reviewed in
[41] and [42].
Table 1
List of predicted cation-dependent GTPases from the TEES, Obg-HﬂX and YqeH-like superfamilies. B = Bacteria, A = Archaea, E = Eukarya. ‘‘Switch I’’ indicates that the structure of
the protein has been determined in complex with a GTP analogue, and it displayed a Switch I structure characteristic of the cation-dependent GTPases. Those proteins for which
potassium-selective activity has been experimentally conﬁrmed are marked with two asterisks (⁄⁄), and these are reported in [5–11].
Protein Homologues and alternative names Domains of life Diagnostic features
Obg-HﬂX superfamily
HﬂX ssGBP, YnbA B, A, E AsnK, AsnSwI. Eukarya: Only AsnK
Nog1 GTPBP4 A, E AsnK, AsnSwI. Fungi: Only AsnK
Ygr210 Ygr210c A, E (fungi) SerK, AsnSwI. Archaea: AsnK
DRG Rbg1 A, E SerK (rarely: AsnK)
Obg ObgE, GTPB5, GTPBP10, Mtg2, CgtA, YhbZ B, E AsnK (rarely: SerK)
YqeH-like superfamily
Nog2 Nug2, Ngp1, Gnl2, YawG E AsnK, AsnSwI
Nug1 Gnl3, Grn1p E AsnK, AsnSwI
Lsg1 Gnl1, Kre35 E AsnK, AsnSwI
YqeH⁄⁄ NOA1⁄⁄, Porin B, A, E AsnK, AsnSwI
RbgA⁄⁄ YlqF B, A, E (plants) AsnK, AsnSwI
Mtg1 – E AsnK, AsnSwI
Mj1464 – A AsnK, AsnSwI
TEES superfamily
MnmE⁄⁄ TrmE, Mss1, GTPBP3a, MTGP1, ThdF B, A, E AsnK, AsnSwI, Switch I (PDB ID: 2GJ8 [5])
FeoB⁄⁄ - B, A AsnK, AsnSwI, Switch I (PDB ID: 3SS8 [12])
Era Bex, ERAL1, Pra B, E AsnK, AsnSwI, Switch I (PDB ID: 3IEV [51])
Der⁄⁄ EngA, YphC, YfgK B, E AsnK, AsnSwI
YihAa EngB, YsxC, B, A, E AsnK, AsnSwI, Switch I (PDB ID: 1SVW [52])
a Like MnmE, its human orthologue GTPBP3 was shown to possess potassium-dependent G-domain dimerisation indicating potassium binding at the expected site [53].
However, acceleration of GTPase activity did not occur. The signiﬁcance of this observation is yet to be determined, and it is not known whether some other element –
perhaps a binding partner – is additionally required for activation.
Table 2
List of predicted cation-dependent GTPases from the dynamin superfamily. Those proteins for which cation-dependent activity has been experimentally conﬁrmed are marked
with two asterisks (⁄⁄) and are reported in [13,14].
Protein Homologues and alternative names Domains of life Diagnostic features
Dynamin superfamily
Classical dynamins⁄⁄ Shibire, Dyn1 E (animals) SerK, GluSwI, Switch I (PDB ID: 2X2E [13])
DRP1 DLP1, DVLP, Dymple, Dnm, DRP3A, DRP3B E SerK, GluSwI
Mx DRP4C E (animals, plants) SerK, GluSwI
OPA1 Mgm1, DymB, EAT-3 E (animals) SerK, GluSwI
Vps1 - E (fungi) SerK, GluSwI
Phragmoplastin DRP1A⁄⁄, DRP1B–E E (plants) SerK, GluSwI, Switch I (PDB ID: 3T34 [14])
DRP5Aa - E (plants) SerK, GluSwI
Sey1b RHD3 E (fungi, plants) SerK, AsnSwI
Mitofusin Fzo, FZL E SerK, AsnSwI. Fungi and Plants: AsnK, AsnSwI
EHDc Rme-1, Past1 E (excluding yeast) SerK, Switch I (PDB ID: 2QPT [54])
a DRP5B, a paralogue of A. thaliana DRP5A, has a threonine in place of SerK. In all of our analyses, this was the only example of a threonine in this position.
b Yeast Sey1 and A. thaliana RHD3 are the functional orthologues of the metazoan atlastins that possess an arginine residue in place of SerK that is likely to act as an ‘internal
arginine-ﬁnger’ and substitute for the activating cation.
c The EHD proteins are distant members of the dynamin superfamily, and are ATPases rather than GTPases [54].
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Despite the fact that both the Group I and the Group II CD-GTP-
ases utilise a cation in vivo (most probably a potassium ion) to
accelerate their nucleotide hydrolysis activity, their salt-dependent
behaviour in vitro is expected to differ in two critical ways. Firstly,
the activity of the potassium-selective GTPases is expected to in-
crease with increasing potassium concentrations, then plateau
and remain constant above 200 mM [4,9]. Conversely, a hallmark
of the dynamin-like proteins is that they exhibit a marked drop in
hydrolysis rates at salt concentrations above 150 mM, since high
in vitro salt concentrations inhibit the oligomerisation that is nec-
essary for dimerisation-dependent activation (reviewed in [41]).
However, the most critical difference between the Group I and
Group II CD-GTPases is that because the potassium-selective
G-proteins cannot bind to sodium, the nature of the salt in the
in vitro assay buffer will affect, sometimes dramatically, their mea-sured GTPase activities. Given that potassium is one of the most
abundant cations inside the cell, nucleotide hydrolysis rates mea-
sured in NaCl – by far the most frequent choice for in vitro analyses
of these ribosome-assembly GTPases (e.g. [43–47]) – will not accu-
rately reﬂect their activities in vivo.
A further complication arises from the fact that many of the pre-
dicted potassium-selective GTPases possess hydrolysis rates that
are also stimulated by association with ribosomal subunits (e.g.
[25,26,48]). In these cases, the composition of the buffer is partic-
ularly important when quantitating the degree of stimulation by
ribosomal subunits, as it has recently been demonstrated that
potassium ions affect the intrinsic and ribosome-activated rates
by markedly different magnitudes [11].
Finally, it is worth noting that the discovery of the dimerisation-
dependent activity of the founding member of the potassium-
selective CD-GTPases, MnmE, was made only when studying the
G-domain in the presence of potassium ions, as these were re-
quired for dimer formation in vitro [5]. This example highlights
M.-R. Ash et al. / FEBS Letters 586 (2012) 2218–2224 2223the importance of carrying out in vitro studies on the potassium-
selective CD-GTPases under the correct, potassium-containing
conditions – or else important functional information could be
missed.
7. Concluding remarks
The structures, functions, and mechanisms of GTPases have
been studied extensively since the 1970s [49], and it would not
be unreasonable to assume that after 40 years and the determina-
tion of almost 700 G-protein structures, our basic understanding of
these proteins would be virtually complete. It is therefore some-
what surprising that until very recently the GTPase cycle was de-
ﬁned almost entirely by the GAP-activated Ras protein and its
relatives, and it was only three years ago that the GADs were iden-
tiﬁed as a second functional G-protein class [3]. Now, the analyses
presented here illustrate that yet another class of G-proteins can be
deﬁned, reshaping how we classify and study these GTPases
in vitro. The cation-dependent G-proteins, it can be concluded,
are an emerging group of essential and ubiquitous GTPases, which
now deserve a class of their own.
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